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Abstract
We will show the weak lensing effects from filaments connecting galaxy pairs
for two separate galaxy subsets. The lensing galaxies are selected from the
Galaxy And Mass Assembly (GAMA) survey, where we use version 7 of the
GAMA galaxy group catalogue in our galaxy selection. We select the
background galaxies from the ’KiDS-450’ weak lensing data set. Two galaxies
are considered to form a pair when they are within an angular separation of
6h−1 Mpc and 10h−1 Mpc and are within a line of sight separation of
10h−1 Mpc. In addition, we select galaxies with an angular separation
between 6h−1 Mpc and 10h−1 Mpc, with a line of sight separation between
100h−1 Mpc and 120h−1 Mpc, to be ’unphysical pairs’. They appear to be
galaxy pairs projected on the sky but are physically to far separated to form a
pair. The subtraction of the signal of the unphysical pairs from the physical
pairs will then result in the isolation of the filament. We use two subsets of
galaxies in our pair selection; galaxies isolated in space, and the central
galaxies of galaxy groups with at least 4 group members and consider the
lensing effects of both subsets.
Using 25 000 and 8 279 galaxy pairs from the isolated galaxy pairs subset and
group central galaxy pair subset respectively, we will show the detection of
filaments with a significance of 2.3σ and 2.9σ for these subsets.
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Chapter1
Introduction
The cosmological principle says that the universe is isotropic and homoge-
neous. This principle is the foundation of our understanding of the evolu-
tion of the universe, as it leads to the FRW-metric, from which we can derive
the Friedmann equations. However, a simple look around immediately shows
that the universe is not isotropic and homogeneous on small scales. There is
structure in the universe, which is unexpected from the cosmological principle.
The structure in the universe is therefore an interesting subject of investigation.
If one were to increase the scales on which we view the universe, we find
that the cosmological principle appears to hold above scales of ∼ 100 Mpc
[Scrimgeour et al., 2012]. However, below this scale we see that galaxies are
grouped together into clusters and super-clusters, separated by voids; creating
the Large Scale Structure of the universe. The large scale structure is a key pre-
diction of the standard cold dark matter and cosmological constant dominated
(ΛCDM) cosmology, where structure formation is mainly driven by the dy-
namics of dark matter. The clusters seem to be connected through dark matter
filaments, creating a web like structure, which is why the Large Scale Struc-
ture is often called the cosmic web. Studying filaments in N-body simulations,
galaxy clusters separated by . 10h−1 Mpc were found to be connected by a
filament in ∼ 90% of cluster pairs [Colberg et al., 2005].
These filaments are important for our understanding of structure in the uni-
verse, yet difficult to detect observationally. The filaments will consist of both
dark matter and baryonic matter, but the baryons will not have formed stars.
ΛCDM cosmology predicts a ratio between the dark matter and baryonic mat-
ter mass fractions of about 5. We therefore expect the majority of mass in the
filaments to be made of dark matter. It is proven to be possible to use gravita-
tional lensing to detect and map dark matter distributions [Kaiser & Squires,
1993]. As gravitational lensing is caused by any mass, gravitational lensing
can be used to find dark matter and is a very useful investigation method in
observational cosmology. Using gravitational lensing, dark matter filaments
between single galaxy clusters have been reported in literature [Dietrich et al.,
2012, Gray et al., 2002].
The filaments mass density is expected to be smaller than the mass of the
galaxies they connect. The relatively low density will give a small gravitational
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lensing signal, which is why we will use the weak lensing regime of gravita-
tional lensing. In weak gravitational lensing, large numbers of gravitational
lenses are averaged to find a statistically significant distortion signal. Thanks
to large weak lensing surveys like KiDS [Hildebrandt et al., 2017] in combina-
tion with the GAMA survey [Driver et al., 2011] executed in recent years, more
data is available which allows us to find smaller lensing signals.
Stacked weak lensing signals have been used for detection of dark matter
filaments before [Clampitt et al., 2016, Epps & Hudson, 2017]. Here Clampitt
et al. [2016] used SDSS luminous red galaxies, a proxy for the center of galaxy
groups or clusters, at various separations and compared the data with stacked
filaments from N-body simulations, reporting a detection of 4.5 σ. Epps &
Hudson [2017] used CFHTLenS [Erben et al., 2013] galaxy shape data from
SDSS luminous red galaxies to find a filament signal. They isolate the filament
signal using galaxies that form a pair projected on the sky, but are to far away
in redshift to form a physical pair (see section 3.6 below for an elaborate expla-
nation) and report a detection of excess filament mass of 5 σ.
The study of Epps & Hudson [2017] forms the main inspiration of our re-
search, describing techniques needed to measure filaments signals. Using dif-
ferent data than used by Epps & Hudson [2017], i.e. the Galaxy And Mass
Assembly survey [Driver et al., 2011] and the ’KiDS-450’ weak lensing dataset
[Hildebrandt et al., 2017], we will see if similar result can be obtained. We will
present the reader the theory required to understand the weak lensing compu-
tations done in this study and explain our computational methods to find our
results. These results will then be evaluated and discussed.
2
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Theory
In this chapter, we will consider the theory necessary to comprehend and inter-
pret the work done for this thesis. This will include the origin of gravitational
lensing, the observables of gravitational lensing and a review of dark matter
filaments.
2.1 Gravitational lensing
Gravitational lensing is the effect of bending light curves with gravity, as pre-
dicted by the theory of General Relativity. This results in a distorted image of
the source as its light travels along a mass towards the observer (figure 2.1).
Light travels along null geodesics in space-time and mass curves space-time,
resulting in the deflection of the light rays. This deflection can be described
using Fermat’s principle, as would be done for classical lenses, which is why
we speak of gravitational lensing.
Figure 2.1: Strong gravitational lensing by a luminous red galaxy, distorting the back-
ground galaxy’s image to form a near complete ring. Image credit: ESA/Hubble and
NASA.
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2.1.1 Deflection angle
Images such as figure 2.1 show us the lensing ability of gravity directly, how-
ever we would like to see this happen in theory too. Therefore we show using
the framework of General Relativity (in modest amounts), how a matter distri-
bution leads to the deflection of light.
We will follow the description of Meneghetti [2007] to quantify the effect
of gravity on light curves. This could be done by studying the geodesic light
curves, but it turns out that we can equivalently describe the deflection of light
by using Fermat’s principle.
Fermat’s principle says that a light wave will travel between two point via
the path x(l), for which the travel time will be extremal. The travel time is
given by:
t =
∫ n(x(l))
c
dl (2.1)
Where n is the refractive index and c is the speed of light in vacuum. Fermat’s
principle thus says that the variation of the travel time between point A and B,
δt, will equal zero.
δt = δ
∫ B
A
n(x(l))
c
dl = 0 (2.2)
To make further progress, we need to find an expression for the refractive index
n. Since the refractive index comes from the deformation of space-time induced
by the lens’ mass, we should consider the perturbation of space-time by a lens.
We consider a locally flat, Minkowski space-time which is weakly perturbed
by the Newtonian potential of matter distribution making up our lens. This ap-
proximation will be valid for a small Newtonian potential Φ, i.e. Φ  c2 and
low peculiar velocities of the matter distribution, i.e. vpec  c. Note that with a
typical potential of |Φ| < 10−4c2 and peculiar velocity of vpec ∼ 1000 km/s for
a galaxy cluster, these conditions are valid for almost all astrophysical sources
of interest [Narayan & Bartelmann, 1998].
The flat space-time geometry is given by the Minkowski metric ηµν. We
will use the (+−−−) convention. We can describe the the light propagation
close to the gravitational lens by a perturbation of the Minkowski metric by a
gravitational potential to first post-Newtonian order [Narayan & Bartelmann,
1998]. The perturbed metric and line element are then given by:
gµν =

1+ 2Φc2 0 0 0
0 −
(
1− 2Φc2
)
0 0
0 0 −
(
1− 2Φc2
)
0
0 0 0 −
(
1− 2Φc2
)
 (2.3)
ds2 = gµνdxµdxν =
(
1+ 2Φ
c2
)
c2dt2 −
(
1− 2Φ
c2
)
(d~x)2 (2.4)
Light travels along null geodesics, for which ds2 = 0(
1+ 2Φ
c2
)
c2dt2 =
(
1− 2Φ
c2
)
(d~x)2 (2.5)
4
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→ d~x
2
dt2
=
(
1+ 2Φc2
)
c2
1− 2Φc2
→ d|~x|
dt
= c
√√√√1+ 2Φc2
1− 2Φc2
(2.6)
Note that d|~x|dt should give us the coordinate velocity c
′ of the light travelling
along the null geodesic. We take a first order Taylor expansion around Φ = 0
to find:
c′ ≈ c
(
1+ 2Φ
c2
)
(2.7)
As Φ ≤ 0, we find that the new light speed is lower than the light speed in
vacuum. The refractive index is then given by:
n = c
c′ ≈
1
1+ 2Φc2
≈ 1− 2Φ
c2
(2.8)
Where we again used a Taylor expansion. Unfortunately, we can not just plug
in our expression for n, as n will typically depend on the spatial coordinate ~x
and time. Above we found that the variation of the travel time between point
A and B will be zero by Fermat’s principle.
δt = δ
∫ B
A
n[~x(l)]
c
dl = 0
→ δ
∫ B
A
n[~x(l)]dl = 0
(2.9)
We apply the chain rule.
δ
∫ λB
λA
n[~x(t)] dl
dλ
dλ = 0 (2.10)
Where we have:
dl
dλ
=
∣∣∣∣ d~xdλ
∣∣∣∣ = |~˙x| (2.11)
Note that the Newtonian derivative notation suggest that we treat parameter
λ as time. However, we will see that we do not have to specify the parameter
as time to find the deflection angle, which is stressed by the use of λ in stead of
t.
→ δ
∫ λB
λA
n[~x(λ)]|~˙x|dλ = 0 (2.12)
We recognise n[x(λ)]|~˙x| = L(x, x˙) as a Lagrangian. From Lagrangian mechan-
ics, we know that the trajectories that satisfy equation 2.12 are given by the
Euler-Lagrange equations.
∂L
∂~x
− d
dλ
(
∂L
∂(~˙x)
)
= 0 (2.13)
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We substitute our expression for L(~x, ~˙x).
∂
∂~x
(
n[~x(λ)]|~˙x|)− d
dλ
(
∂n[~x(λ)]|~˙x|
∂(~˙x)
)
= 0
|~˙x| (∇n)− d
dλ
n
~˙x
|~˙x| = 0
(2.14)
As
∣∣~˙x∣∣ = ∣∣∣ d~xdλ ∣∣∣ is dependent on the choice of λ, we can set ∣∣~˙x∣∣ = 1 by a suitable
choice of λ. We thus take |~˙x| = 1 and define ~˙x ≡ ~e. Note that~e is a unit tangent
vector to the path l, as~e is the time-derivative of the light path.
⇒ d
dλ
(n~e)−∇n = 0(
d
dλ
n
)
~e + n d
dλ
~e = ∇n(
dn
d~x
d~x
dλ
)
~e + n d
dλ
~e = ∇n(
(∇n) · ~˙x) ~e + n~˙e = ∇n
(2.15)
We rewrite the equation to isolate ~˙e
n~˙e = ∇n−~e [(∇n) · ~˙x]
n~˙e = ∇n−~e [(∇n) ·~e] (2.16)
Taking a closer look at the last term on the right hand side we find:
~e [(∇n) ·~e] = ~e [|∇n||~e| cos(θ)] (2.17)
Where θ is the angle between∇n and~e. Recall that we took~e to be a unit vector.
⇒ ~e [(∇n) ·~e] = ~e|∇n| cos(θ) (2.18)
This is thus a vector in the direction of~e, which is the direction of the light path.
Therefore
∇n−~e [(∇n) ·~e] = n~˙e = ∇⊥n (2.19)
is the part of the gradient of n, perpendicular to the light path.
⇒ ~˙e = 1
n
∇⊥n
= ∇⊥ ln n
(2.20)
We now substitute our expression for the refractive index found above.
~˙e = ∇⊥ ln n
= ∇⊥ ln
(
1− 2Φ
c2
) (2.21)
Note that 2Φc2  1. A first order Taylor expansion around 2Φc2 = 0 gives
ln
(
1− 2Φc2
)
≈ − 2Φc2 .
⇒ ~˙e ≈ − 2
c2
∇⊥Φ (2.22)
6
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We saw that~e is the unit tangent vector to the light path. ~˙e therefore gives
the change of the vector tangent to the light path, per unit time. A change of
the tangent vector corresponds to a deflection of the light path, which we want
to know to find the deflection angle.
~˙e describes the change of the tangent vector, starting from the source to-
wards the observer. We define the deflection angle from the other direction,
i.e. from the observer to the source. We can thus find the total deflection of the
light ~ˆα by integrating −~˙e.
⇒ ~ˆα =
∫ λB
λA
−~˙edλ
~ˆα = 2
c2
∫ λB
λA
∇⊥Φdλ
(2.23)
Using the theory of General Relativity in combination with Fermat’s principle, we
found the deflection of photons by a gravitational potential.
Deflection angle for a point mass
To make further progress, we need to insert an expression for the gravitational
potential in the equation above. This will be difficult for an arbitrary mass
distribution. We will consider the case of a point mass below, for which Φ will
take an simple form. This enables us to see how we should work with a more
difficult potential.
The gravitational potential is given by:
Φ = −GM
r
(2.24)
With G the Newtonian gravitational constant, M the point mass’ mass and
r =
√
x2 + y2 + z2 the distance to the point mass. For convenience we define
b ≡ √x2 + y2, the distance away from the lens in a plane. The unperturbed
light travels along the z-direction. This gives:
∇⊥Φ =
(
∂Φ
∂x
∂Φ
∂y
)
= GM
r3
(
x
y
)
(2.25)
Where we used that the direction perpendicular to the z-direction is in the xy-
plane. By substitution we then have:
~ˆα(b) = 2
c2
∫ λB
λA
∇⊥Φdλ
= 2GM
c2
(
x
y
) ∫ ∞
−∞
dz
(b2 + z2)3/2
= 4GM
c2
(
x
y
) ∫ ∞
0
dz
(b2 + z2)3/2
= 4GM
c2
(
x
y
) [
z
b2(b2 + z2)1/2
]∞
0
= 4GM
b2c2
(
x
y
)
(2.26)
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Figure 2.2: Schematic view of a lensing system. We see the relevant angles and distances
in the deflection of a source from the source plane by a lens in the lens plane. The
distances Di are angular diameter distances. Image courtesy of Schneider et al. [2006].
We switch to polar coordinates, i.e.
(
x
y
)
= b
(
cos φ
sin φ
)
.
⇒ ~ˆα(b) = 4GM
bc2
(
cos φ
sin φ
)
(2.27)
This then clearly shows that |~ˆα(b)| = 4GMbc2 is radially symmetric and has a
singularity at the origin, originating from the singularity in the gravitational
potential at the origin. We will later see that the radial symmetry will be of
great use in our work.
2.1.2 Lensing potential
When we want to use gravitational lensing for observations, we should con-
sider more general lenses than a point source. We want to consider an extended
distribution of matter, which can be characterised by its effective lensing po-
tential [Meneghetti, 2007].
Ψ̂(~θ) = Dds
DsDd
2
c2
∫
Φ(Dd~θ, z)dz (2.28)
With c the speed of light, Φ the gravitational potential, z the direction of un-
perturbed photons and~θ, Ds,d,ds defined by figure 2.2.
From figure 2.2 we see:
θDs = βDs + αˆDds (2.29)
8
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β = θ + αˆDds
Ds
(2.30)
Which is called the lensing equation. Note that we used the small angle ap-
proximation and the Euclidean relation separation = angle × distance to derive
this result. However, in curved space-time the Euclidean relation might not
hold. Choosing the distances Ds,d,ds to be the angular diameter distances, the
above relation will still hold in curved space-time by definition of the angular
diameter distance [Narayan & Bartelmann, 1998].
We will rewrite the lensing equation to isolate θ.
θ = β− Dds
Ds
αˆ (2.31)
From figure 2.2 we find ξ = Ddθ.
⇒ ξ = Ddβ− DdDdsDs αˆ (2.32)
From the above two equations we see that the factor DdsDd is used to relate angles
on the lens plane to angles at the observer. Multiplication by Dd then relates
angles to distances on the lens plane. This is a useful observation, as these
conversion factors will appear often in our derivations.
Gradient of the effective lensing potential
The effective lensing potential has a useful relation to the deflection angle. We
know that the gradient of the gravitational potential gives the gravitational
field. Analogously we find the gradient of the lensing potential to be the deflection
angle.
To see this, we need to consider the dimensionless form of Ψ̂ and scaled
form of ~ˆα. We first define two dimensionless vectors:
~x ≡
~ξ
ξ0
~y ≡ ~η
η0
(2.33)
Where ξ0 is a length scale on the lens plane and η0 = ξDsDd is the corresponding
length scale on the source plane. We then define the dimensionless counterpart
of Ψ̂:
Ψ(~x) =
D2d
ξ20
Ψ̂(~θ)
=
D2d
ξ20
Dds
DsDd
2
c2
∫
Φ(Dd~θ, z)dz
= DdDds
ξ20Ds
2
c2
∫
Φ(~x, z)dz
(2.34)
And the scaled deflection angle as:
~α(~x) = DdDds
ξ0Ds
~ˆα(~x)
= DdDds
ξ0Ds
2
c2
∫ λB
λA
∇⊥Φ(~x,λ)dλ
(2.35)
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Where in the last step, we substituted the result from equation 2.23. Taking the
gradient of the dimensionless lensing potential then shows:
∇xΨ(~x) = ∇x
(
DdDds
ξ20Ds
2
c2
∫
Φ(~x, z)dz
)
= ξ0∇⊥
(
DdDds
ξ20Ds
2
c2
∫
Φ(~x, z)dz
)
= DdDds
ξ0Ds
2
c2
∫
∇⊥Φ(~x, z)dz
=~α(~x)
(2.36)
This means that the lensing potential is a useful tool when describing the de-
flections of light induced by gravitational lensing.
Laplacian of the effective lensing potential
Like the gradient of the lensing potential, the Laplacian of the lensing potential
will also prove to be a useful quantity in the description of lensing effects. Let
us therefore take a closer look at this quantity. We will start with the Poisson
equation.
∆ξΦ = 4piGρ (2.37)
Where ∆ is the Laplace operator. We will integrate both sides of the equation
along the line of sight. ∫
∆ξΦdz = 4piG
∫
ρdz (2.38)
The integral over ρ gives us the surface density Σ.∫
∆ξΦdz = 4piGΣ (2.39)
We interchange the Laplace operator and the integral:
4piGΣ = ∆ξ
∫
Φdz (2.40)
From equation 2.28, we substitute the lensing potential.
4piG
Dds
DdDs
2
c2
Σ = ∆ξΨ̂ (2.41)
Using the dimensionless lensing potential, we then find:
4piG
Dds
DdDs
2
c2
Σ = ξ
2
0
D2d
∆ξΨ
4piG
DdDds
Ds
2
c2
Σ = ξ20∆ξΨ
(2.42)
We will substitute the Laplace operator for the dimensionless vector ~x, for
which we have ∆x = ∆ξξ20.
⇒ 4piG DdDds
Ds
2
c2
Σ = ∆xΨ (2.43)
10
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We define the critical surface density, a measure of lensing efficiency, Σcrit =
c2
4piG
Ds
DdDds
.
⇒ 2 Σ
Σcrit
= ∆xΨ (2.44)
Defining the dimensionless surface density, or convergence, κ ≡ ΣΣcrit , we find:
∆xΨ = 2κ (2.45)
2.2 Gravitational lensing effects
Gravitational lensing will distort the images from light sources in space. We
will use our understanding of the physics of gravitational lensing to find how
these distortions manifest themselves in the images we observe. We will see
that we can describe the distortion of images with the convergence and shear
induced by gravitational lensing.
2.2.1 Distortion matrix
The distortions induced by gravitational lensing can be seen when we compare
the vector on the source plane ~y with the vector on the lens plane ~x. Using the
vectors, we can describe the local properties of the lens mapping by its Jacobian
matrix [Narayan & Bartelmann, 1998].
A ≡ ∂~y
∂~x
=
 ∂y1∂x1 ∂y1∂x2
∂y2
∂x1
∂y2
∂x2
 (2.46)
With ~x and ~y defined in equation 2.33. The photons travel in the x3 direction,
the photon deflection is in the x1, x2 plane.
A =
1− ∂α1(~x)∂x1 − ∂α1(~x)∂x2
− ∂α2(~x)∂x1 1−
∂α2(~x)
∂x2
 (2.47)
Since~α(~x) = ∇xΨ(~x) we have:
A =
1− ∂2Ψ(~x)∂x1∂x1 − ∂2Ψ(~x)∂x1∂x2
− ∂2Ψ(~x)∂x1∂x2 1−
∂2Ψ(~x)
∂x2∂x2
 (2.48)
We will split this matrix in an isotropic and anisotropic part. For convenience
in notation we define Ψij ≡ ∂
2Ψ(~x)
∂xi∂xj
A =
(
1−Ψ11 − 12 TrA −Ψ12
−Ψ12 1−Ψ22 − 12 TrA
)
+ 1
2
TrA
(
1 0
0 1
)
(2.49)
We will first consider the anisotropic part of the matrix, i.e. the first term in the
equation.
Aaniso =
(
1−Ψ11 − 12 TrA −Ψ12
−Ψ12 1−Ψ22 − 12 TrA
)
=
(− 12 (Ψ11 −Ψ22) −Ψ12
−Ψ12 − 12 (Ψ22 −Ψ11)
) (2.50)
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The isotropic part of the distortion matrix is then given by:
Aiso =
1
2
TrA
(
1 0
0 1
)
=
(
1− 12 (Ψ11 +Ψ22) 0
0 1− 12 (Ψ11 +Ψ22)
)
=
(
1− 1
2
∆Ψ
)
δij I
(2.51)
Where ∆Ψ ≡ Ψ11 +Ψ22. Combining the two parts we thus find that the distor-
tion matrix can be written as:
A =
(− 12 (Ψ11 −Ψ22) −Ψ12
−Ψ12 12 (Ψ11 −Ψ22)
)
+
(
1− 1
2
∆Ψ
)
δij I (2.52)
We will use the isotropic part to identify the convergence and the anisotropic
part for the shear in the sections below.
2.2.2 Shear
We can define the shear vector ~γ using the anisotropic Jacobian matrix above.
γ1(~x) =
1
2
(Ψ11 −Ψ22)
γ2(~x) = Ψ12
(2.53)
The anisotropic part of the Jacobian matrix then becomes:
Aaniso =
(−γ1(~x) −γ2(~x)
−γ2(~x) γ1(~x)
)
(2.54)
The shear ~γ is a pseudo-vector which is invariant under rotation by 180◦ and de-
scribes the amount and direction, a circular image will be distorted into an
ellipse (figure 2.3). We can see the invariance under rotation by 180◦ looking
at the two shear components. Lets first consider the rotation of γ1. Recall the
definition of γ1:
γ1(~x) =
1
2
(Ψ11 −Ψ22) = 12
(
∂Ψ
∂x1∂x1
+ ∂Ψ
∂x2∂x2
)
(2.55)
We rotate γ1 by 180◦ to γ˜1.
γ˜1 =
1
2
(
∂Ψ
∂(−x1)∂(−x1) +
∂Ψ
∂(−x2)∂(−x2)
)
= γ1 (2.56)
We repeat the process for γ2.
γ2 = Ψ12 =
∂Ψ
∂x1∂x2
(2.57)
Rotation then gives:
γ˜2 =
∂Ψ
∂(−x1)∂(−x2) = γ2 (2.58)
Note that from the definition, we also see that γ1 measures the deviation of Ψ
in the horizontal en vertical direction, while γ2 measures the deviation along
an axis rotated by 45◦ with respect to the horizontal axis. We will see the effect
of shear on the observed image in section 2.2.4.
12
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2.2.3 Convergence
Lets take a closer look at the isotropic part of the distortion matrix.
Aiso =
(
1− 1
2
∆Ψ
)
δij I (2.59)
We recognize the expression for the convergence found in equation 2.45.
Aiso = (1− κ(~x)) δij I (2.60)
In the distortion of the images, the convergence is thus responsible for the
isotropic rescaling of the image. Recall that the convergence is defined as the
dimensionless surface density κ ≡ Σ/Σcrit, where Σ it the surface density and
Σcrit = c2Ds/(4piGDdDds) is the critical surface density; a measure of the lens-
ing efficiency. The convergence is proportional to the surface density, therefore
κ is proportional to mass. We will explore the use of the gradient and Laplacian
of the lensing potential in describing lensing effects below.
2.2.4 Distortion of images
Using our expression for the convergence and shear, we can rewrite the distor-
tion matrix.
A =
(−γ1(~x) −γ2(~x)
−γ2(~x) γ1(~x)
)
+ (1− κ(~x)) δij I (2.61)
This allows us to easily see the effects of shear and convergence to the images
we observe. In figure 2.3 we can see the effects illustrated for a circular source.
As the convergence acts isotropically, we find that only the overall size of the
image is affected. The shear is anisotropic and elongates the image in a pre-
ferred direction. If we have a circular image, the shear and convergence will
map the circle to an ellipse with semi-major and -minor axes:
a = r
1− κ − γ , b =
r
1− κ + γ (2.62)
Where r is the radius of the circle, and γ = |~γ|.
2.3 Observations with gravitational lensing
In section 2.2 we saw how gravitational lensing affects source images. If we
could reverse the process, we could use the deformed image we see from a
source to gain information about the lens between the observer and the source.
The first problem we encounter however, is that we generally do not know the
original form of the deformed image. In this section we will describe how we
can still use gravitational lensing to learn about the gravitational lenses.
2.3.1 Shear determination with galaxy ellipticity
If we look at figure 2.3, we see that the effect of shear changes a circular image
into an ellipse. Therefore, if we were to observe an ellipse, when in truth we
look at a circular source, we can use the shape of the ellipse to describe the
shear.
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Figure 2.3: Convergence and shear deform the image of a circle to a ellipse. The conver-
gence acts isotropic and only changes the observed size of the source, while the shear
deforms the image in a preferred direction. The arrow indicates the direction of the
shear vector. Image courtesy of Narayan & Bartelmann [1998].
Ellipticity
The shape of an ellipse can be described by a the semi-major, a and semi-minor
axes, b. The ratio of a and b is a measure of the elongation of an ellipse. There-
fore the ellipticity is commonly defined as:
e = 1− b
a
(2.63)
The ellipticity then ranges from 0 for a circle (a = b), to 1 for a line segment
(b = 0). However, with gravitational lensing a different definition for ellipticity
is often used
e =
1− ba
1+ ba
e2iφ (2.64)
Where φ is the angle of rotation of the ellipse with respect to a certain coordi-
nate system. As with the other definition, the modulus of the ellipticity still
ranges from 0 for a circle to 1 for a line segment.
We define a ’ellipticity vector’~e = (e1, e2) with components
e1 = |e| cos(2φ), e2 = |e| sin(2φ) (2.65)
Note that this is not a true vector as~e does not transform like a normal vector.
The e1 component now describes the amount of elongation in the horizontal
direction, while the e2 describes the elongation along an axis rotated by 45◦
with respect to the axis used for e1 (see figure 2.4).
Relation between ellipticity and shear
We have found an expression of the ellipticity in terms of the semi-major an
-minor axes, and an expression for these axes in terms of γ and κ for a circular
source in equation 2.62. We can thus find the relation between the ellipticity
14
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Figure 2.4: Some sample ellipses for different e1 and e2 values. The e1 component de-
scribes how much a ellipse is elongated in the horizontal axis. The e2 component de-
scribes the elongation along an axis rotated by 45◦ with respect to the horizontal axis.
Starting with the rightmost ellipse and passing the ellipses in a clockwise direction, we
have ellipticity components: (e1, e2) = (p, 0), (0,−p), (−p, 0), (0, p), with p ∈ (0, 1) a
parameter. Image from the Kaggle ’Observing Dark Worlds’ data science challenge.
and the lensing distortion effects.
|e| = 1−
b
a
1+ ba
= a− b
a + b
(2.66)
⇒ |e| =
r
1−κ−γ − r1−κ+γ
r
1−κ−γ +
r
1−κ+γ
=
1
1−(γ+κ) − 11+(γ−κ)
1
1−(γ+κ) +
1
1+(γ−κ)
= 1− κ + γ− 1++κ + γ
1− κ + γ+ 1− κ − γ
= γ
1− κ
(2.67)
For this study we have used weak gravitational lensing, which quite literally
means that the signal we find is very weak. Therefore it is customary to work
with a reduced shear g ≡ γ1−κ , which is very close to the actual shear, i.e. g ≈ γ.
This thus means κ ≈ 0, which gives us:
|e| ≈ γ (2.68)
Using the small κ approximation, we find that the length of ~γ equals |e|. There-
fore, if we observe an ellipse and measure its ellipticity, we are able to deter-
mine γ; under the assumption that the original image was circular. We will
later see how this helps us in practise and what additional corrections are nec-
essary to make this work.
Besides the magnitude of the ellipticity, we also found a direction of the
ellipticity vector. Recall that we found the same definition of projection onto
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two axes, mutually rotated by 45◦, in the definition of ~γ. We thus find that the
direction of ~γ gives the direction of the ellipticity, as indicated by the arrow in
the ellipse in figure 2.3.
2.3.2 Relation between shear and convergence
Kaiser & Squires [1993] showed that there exist a mapping between the shear
observed from gravitational lensing and the convergence. In Schneider et al.
[2006], the mapping in rewritten to:
κ(~θ)− κ0 =
∫
R2
d2θ′D∗
(
~θ −~θ′
)
γ(~θ′)
=
∫
R2
d2θ′Re
[
D∗
(
~θ −~θ′
)
γ(~θ′)
]
, with
(2.69)
D(~θ) ≡ − θ
2
1 − θ22 + 2iθ1θ2
|~θ|4 (2.70)
Here ~θ is the position for which we want to compute the convergence. The
integral is over the whole of real space, whereas in measurement we have dis-
crete data points for a limited projected surface of the sky. It therefore seems
logical to replace the integral by a sum [Schneider et al., 2006].
κdisc(~θ) =
1
npi ∑j
Re
[
D(~θ −~θj)ej
]
(2.71)
Where ~θj are the positions of the data points and n is the number density of
background galaxies. We used the weak lensing regime, i.e. ~γ = ~g, so that
the expectation value of ~γ is given by the complex ellipticity e. It was shown
by Kaiser & Squires [1993] that the variance of this convergence estimator di-
verges. Luckily, they also showed that applying a smoothing filter can make
the variance finite. We can then describe the convergence as the convolution
between the discrete convergence and a weight filter W normalised to unity.
κ(~θ) =
∫
d2θ′W(|~θ −~θ′|)κdisc(~θ′) (2.72)
2.3.3 Weak gravitational lensing
In weak gravitational lensing, we are dealing with a Jacobian matrix A that is
very close to the identity matrix [Schneider et al., 2006]. The distortions and
thus the shear and convergence therefore are very small. The upside to this
is that the approximations used above to relate the ellipticity to the shear and
convergence are valid for weak gravitational lensing.
Since the distortions are small, they can not be detected by an image of a
single source, as was possible in the example of strong gravitational lensing
in figure 2.1. In order to find a signal from weak gravitational lensing, we
need to approach the problem statistically. By increasing the number of lensing
systems and averaging the signal, we can increase the signal to noise ratio until
we do find a statistically significant lensing signal.
16
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Mean ellipticity of sources
Above we saw that the ellipticity of an observed image can be used to find the
shear induced by a gravitational lens. In turn, the shear can then be used to find
the convergence. However, here we assumed that the unperturbed image was
circular. The images seen in weak gravitational lensing surveys are galaxies,
which are rarely circular. The galaxies have an intrinsic ellipticity, which is
unknown as we only observed the perturbed image.
Here the statistical nature of weak gravitational lensing comes in handy.
When we assume that the intrinsic ellipticities are not correlated, and the ori-
entation of the ellipses is random; the expectation value of the mean ellipticity
of all sources equals zero. In other words, the mean unperturbed source is cir-
cular. Note that this does not only apply to the magnitude, but also the the
components of the ellipticity vector; which contains the information of galaxy
alignment. If after averaging all galaxy ellipticity vectors, we find an ellipticity
signal, we can conclude that this is due to gravitational lensing and determine
the corresponding shear magnitude and direction.
Note that background galaxies sharing a group or cluster could have align-
ment of ellipticities due to physical processes like tidal forces, resulting in a net
ellipticity signal. The assumptions made will therefore only be valid for galax-
ies separated by large distance, which is typically the case for the galaxies in
weak lensing surveys.
Although this all sounds very good in theory, we need to consider that mea-
surement instruments can induce a signal by itself, which needs to be taken
into account. We will describe these practical details in chapter 3.
2.4 Dark matter halos and filaments
So far we talked about matter distributions, but we did not specify the nature
of the matter creating the distribution. This is one of the benefits of gravi-
tational lensing, this specification is not necessary. Gravitational lensing is
purely caused by metric perturbations by matter distributions. Lensing can
thus be caused by any sort of matter, both baryonic matter and nonbaryonic
dark matter. This makes gravitational lensing an excellent observable for dark
matter; which is usually very difficult to detect as it does not absorb, emit or
scatter light of any wavelength.
As mentioned before, we want to use gravitational lensing to find dark mat-
ter filaments between pairs of galaxies. We will first consider why we expect
these filaments to be present.
2.4.1 Large scale structure
Figure 2.5 shows the distribution of galaxies in a slice of space, found by the
2dF Galaxy Redshift Survey. We can clearly see that the galaxies are not evenly
distributed, but cluster together to form groups of galaxies with voids in be-
tween. With a bit of imagination, one might say that the galaxies form a web,
which is why this structure is called the cosmic web. The cosmic web shows us
that there is large scale structure in the universe. The origin and evolution of
structure in the Universe had been a topic of research for many years and still
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Figure 2.5: Galaxy distribution in redshift showing the large scale structure of the uni-
verse. We see a web like structure in the distribution of galaxies, called the cosmic web.
Image from the 2dF Galaxy Redshift Survey.
is an active field of research today. A full description of the theories of structure
evolution is beyond the scope of this thesis. We will limit ourself to arguments
showing there is a theoretical foundation for dark matter filaments connecting
galaxies.
One could see a galaxy as a non linear density perturbation from the mean
density in the universe, which have grown from small fluctuations in the early
universe. Using perturbation theory, it can be shown that these small density
fluctuations then grow linearly until they reach a critical density, after which
they turn around from the expansion of the Universe and collapse to form viri-
alised halos [Mo et al., 2010]. In the early universe, these fluctuations where
present for all matter. However, the gravitational collapse for dark matter
could happen earlier in time than the the collapse of baryonic matter, because
of pressure support for baryonic particles before recombination. After recom-
bination, the baryonic matter fell into the gravitational potentials created by
the dark matter perturbations. This explains how a dark matter structure can
provide the basis of the structure seen for baryonic matter, as seen in figure 2.5.
Numerical simulations
The evolution of matter fluctuations and the large scale structure depend on a
combination of many physical processes. This makes makes an analytical de-
scription of the full theory of galaxy evolution very difficult. Measurements are
best described by numerical simulations, combining these processes in great
detail. Figure 2.6 shows an example of such a numerical simulation [Schaye
et al., 2014]. Note that the structure seen in the simulation shows the same
structure as seen in figure 2.5. We find a structure of dark matter supporting
the observed large scale structure, creating dark matter halos and filaments
connecting them, as shown by the gas in figure 2.6. The simulations thus pro-
vide a theoretical foundation for the dark matter filaments connecting galax-
ies.
18
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Figure 2.6: Result of a hydrodynamical simulation by Schaye et al. [2014], using a 100×
100 × 20 cMpc slice at z = 0. The intensity shows the gas density while the colour
encodes the gas temperature using different colour channels for gas with T < 104.5K
(blue), 104.5K < T < 105.5K (green), and T > 105.5K (red). The insets show regions of
10 cMpc and 60 ckpc on a side and zoom into an individual galaxy with a stellar mass
of 3× 1010M. Note the clear web-like structure, showing filaments between the knots
in the structure.
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Chapter3
Methods
3.1 Data
In order to perform analysis using gravitational lensing, we need to classify
two types of galaxies, i.e. lensing galaxies and background galaxies. The lens-
ing galaxies will be closer to us than the background galaxies and will induce
a distortion in the images of the background galaxies caused by gravitational
lensing. The lensing galaxies will be chosen from a different dataset than the
background galaxies, both of which are described below.
3.1.1 Lensing galaxies
The lens galaxies used in this study where taken from the Galaxy And Mass
Assembly (GAMA) survey [Driver et al., 2011]. The GAMA survey is a spectro-
scopic survey, carried out on the Anglo-Australian Telescope with the AAOmega
spectograph. In this study, we used the GAMA II data release [Liske et al.,
2015], specifically the G09, G12 and G15 regions, as they overlap with the
dataset of our background galaxies. We use the data in combination with ver-
sion 7 of the GAMA galaxy group catalogue (G3Cv7) [Robotham et al., 2011],
and version 16 of the stellar mass catalogue, which is an updated version of the
catalogue created by Taylor et al. [2011].
3.1.2 Background galaxies
We use the ’KiDS-450’ weak lensing data set for our background galaxies [Hilde-
brandt et al., 2017]. KiDS (Kilo Degree Survey), is a four-band imaging survey
conducted with the OmegaCAM CCD mosaic camera [Kuijken et al., 2011],
mounted at the Cassegrain focus of the VLT Survey Telescope [Capaccioli &
Schipani, 2011]. The telescope-camera combination was designed specifically
with weak lensing measurements in mind; there is small camera shear and the
point spread function (PSF) is nearly round and uniform over a square degree
field of view. This will ensure that the ellipticity induced by the measurements
in minimised.
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The components in the KiDS dataset used in this study are the galaxy red-
shift estimation, the position of the galaxies on the sky and the ellipticity of the
galaxies. The multi-colour KiDS data which is used to estimate photometric
redshift, is reduced and calibrated with the Astro-WISE system [Begeman et al.,
2013, Valentijn et al., 2007]. The ellipticity of the galaxies are calculated with the
lensfit likelihood based model-fitting method [Fenech Conti et al., 2017, Kitch-
ing et al., 2008, Miller et al., 2007, 2013]. The mean redshift of all background
galaxies considered is given by 〈zsources〉 = 0.537 with a standard deviation of
σsources = 0.31.
If one would like to know more about the details and data reduction of the
KiDS dataset, we refer you to Hildebrandt et al. [2017].
3.2 Cosmological model and parameters
We have to specify a cosmology in order to perform the computation described
in this chapter. In this study, we use a flat ΛCDM-model with cosmological
parameters from the Planck 2015 result-XIII [Ade et al., 2016]. We thus use
H0 = 67.7 kms−1Mpc−1, which gives h = 0.677.
3.3 Lens selection
3.3.1 GAMA subsets
The GAMA dataset contains many different galaxies, ranging from isolated
galaxies to large clusters of galaxies. We will use the GAMA catalogue to create
two subsets. One subset of galaxies with isolated galaxies, i.e. galaxies that are
not part of any group according to the catalogue, and one subset containing
all galaxies that are classified as the central galaxies in a group of at least 4
group members. The central galaxies of groups should make for a comparable
lens set as used by Epps & Hudson [2017], as they consider SDSS luminous
red galaxies which are a proxy for central galaxies of galaxy groups; a claim
supported by our lens set properties shown in table 3.1.
3.3.2 Pair selection
Since we want to find filaments between pairs of galaxies, we need to identify
these pairs first. We will define two galaxies to form a pair when they fall
within the
[
6h−1 Mpc, 10h−1 Mpc
]
interval of projected physical separation, as
suggested by Epps & Hudson [2017]. The projected separation R is calculated
by:
R = 2Dd tan
(
φ
2
)
, with φ =
√
(α1 − α2)2 cos
(
δ1 + δ2
2
)
+ (δ1 − δ2)2 (3.1)
Here αi and δi are the right ascension and declination of the lens galaxy re-
spectively. Dd is the angular diameter distance at the mean redshift of the two
lenses. We used an approximation for φ  1, which will be valid due to the
22
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large distance between the observer and lens galaxies. For larger φ the pro-
jected separation should be computed using the law of cosines in spherical
trigonometry.
We will distinguish between pairs that lie close to each other in redshift
and pairs that are separated in redshift by a large amount. The latter would
appear to be pairs on the sky, but are too far away from each other to form
a physical pair, making them ’unphysical pairs’. This distinction will help us
extract the filament signal when we subtract the signal of the unphysical pairs
from the physical pairs, leaving the signal from the filaments only present for
the physical pairs (see section 3.6).
Selecting physical pairs
We take two galaxies to be a physical pair when they have a projected sepa-
ration between 6h−1 Mpc and 10h−1 Mpc and a line of sight separation less
than 10h−1 Mpc. The line of sight separation is calculated as the angular di-
ameter distance between the two redshifts of the candidate pair. We then find
2 542 937 physical pairs in the isolated galaxy subset and 8 279 physical pairs in
the group central galaxy subset.
Peculiar velocities Note that the angular diameter distances are computed
using the galaxies’ redshifts. This means that peculiar velocity of galaxies can
alter the redshift difference between galaxies, changing the line of sight separa-
tion calculated. We can then potentially select galaxies as a physical pair, while
the actual line of sight difference is over 10 Mpc, or disregard pairs that fall
inside the separation limit, depending on the peculiar velocities of the galaxies
in the candidate pair.
The observed redshift is given by:
1+ zobs =
(
1+ zpec
)
(1+ zH) (3.2)
Where zpec =
√
1+vpec/c
1−vpec/c − 1 is the redshift due to the peculiar velocity of
the galaxy and zH is the redshift due to the Hubble flow. We consider the
case of two galaxies with a distance of 10h−1 Mpc at the a mean redshift of
zH = 0.23304, which is the mean redshift of our dataset of isolated galaxies.
This candidate pair should thus be selected as a physical pair. We consider the
galaxies to have a typical peculiar velocity of vpec = 1000 km s−1, where one
galaxy (A) moves directly towards us and the other galaxy (B) moves straight
away from us.
Taking the 10h−1 Mpc line of sight difference into account, we can compute
zH for galaxies A and B. We find:
zH,A = 0.230146, zH,B = 0.235953 (3.3)
We can now compute the observed redshifts using the formula for zobs above.
zobs,A = 0.226050, zobs,B = 0.240168 (3.4)
This corresponds to a difference in angular diameter distance of D = 45 Mpc.
This thus means that we should extend our selection range from 10h−1 Mpc
Version of October 4, 2017– Created May 28, 2018 - 14:07
23
24 Methods
to 30h−1 Mpc if we want to include this physical pair in our computations.
However, increasing this boundary means that we also include many pairs
that are actually further apart then 10h−1 Mpc.
Since we have a large number of pairs without the extended boundary, we
expect that we do not need to include the physical pairs receding from each
other to find a signal. We therefore choose to disregard the galaxies’ peculiar
velocity and keep the line of sight limit on 10h−1 Mpc.
The code we wrote is able to handle about 1000 galaxy pairs a day, which is
slow relative to the large number of pairs we can potentially consider. There-
fore, to reduce the total computation time of our code, we will limit the num-
ber of lenses used in the isolated galaxy subset. As the group central subset is
smaller, we will use all pairs in this subset.
For the isolated galaxy subset, we limit our lens selection to 25 000 lens
pairs. We do so by taking every 100th element of our dataset, and selecting
the first 25 000 elements of the resulting set of galaxy pairs. Many galaxies will
form pairs with more than one of their neighbouring galaxies. Different pairs
sharing one galaxy will be close to each other is space, which makes them use
the same background galaxies in the shear computation. When we do not use
the full dataset, this will cause a bias in our signal. We found that galaxies
usually do not form pairs with more than a 100 other galaxies. Pairs sharing
a galaxy will follow each other in our dataset, selecting every 100th element
will thus eliminate the bias created by such pairs. Additionally, using every
100th element and selecting 25 000 lenses makes us take an even sample from
the 2 542 937 physical pairs.
As the number of pairs found in the group central galaxy subset is much
smaller, such a selection procedure is not necessary for the group centrals. We
therefore use the entire subset of group central galaxy pairs. The properties of
both subsets can be found in table 3.1.
Selecting unphysical pairs
Following the description of Epps & Hudson [2017], we select the unphysical
pairs as pairs of galaxies with projected physical separation between 6h−1 Mpc
and 10h−1 Mpc and a line of sight separation between 100h−1 Mpc and 120h−1
Mpc. This then leads to a selection of 3 875 024 unphysical pairs in the iso-
lated galaxy subset and 8 860 pairs in the group central galaxy subset. Note
that we could increase the number of unphyiscal pairs if we would increase
the allowed range of line of sight separation. A larger unphysical pairs lens set
would allow us to increase the signal to noise ratio for this set. As the noise in
the unphysical set contributes to the noise levels when isolating the filaments
(section 3.6), a larger unphysical set would contribute to a higher level of sig-
nificance of our results. However, as we found that we are limited by the speed
of our code, we do not chose to increase the line of sight range.
We apply the same method as above, and select every 100th element in our
dataset of isolated galaxy pairs. There is again no such reduction for the galaxy
pairs in the group central subset. The first 25 000 pairs found are then taken to
be our set of isolated unphysical pairs, while the first 8 279 elements are used
for the group central unphysical pairs, matching the number of physical lenses
for both datasets. The properties of both datasets are shown in table 3.1.
24
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Galaxy pairs subset Mean redshift〈z〉
Mean pair mass〈
10 log MM
〉 Mean separation
〈Rsep〉 [Mpc]
group central physical 0.1909 11.445 7.995 h
−1
unphysical 0.1911 11.427 8.124 h−1
isolated physical 0.1941 10.873 8.077 h
−1
unphysical 0.1978 10.893 8.104 h−1
Table 3.1: Properties of the different lens subsets. Properties are similar in the two
subset, with the exception of the mean pair mass. As expected, the mean mass of the
group central galaxies is larger than the mean mass of the pairs of isolated lens pairs.
Moreover, the group central galaxies have similar properties compared to the pairs from
the Luminous Red Galaxies used by Epps & Hudson [2017]; i.e. 〈Rsep〉 ∼ 7.96 h−1,〈
10 log MM
〉
∼ 11.3, 〈z〉 ∼ 0.42, where we do find a difference in redshift. Note that
redshift is taken into account in our computations, we therefore still expect comparable
results.
3.4 Shear
In section 2.3.1 we saw how the ellipticity of a source image can be used to
describe the effects of gravitational lensing. Additionally, it was shown that
ellipticity of the background galaxies works well to describe the shear induced
by gravitational lensing. There are however some corrections to the formulas
described above that need to be taken into account.
3.4.1 Computation of shear
We compute the shear following the description of Epps & Hudson [2017].
γ1(x, y) =
∑l ∑j∈(x,y) e′1,jwjΣ
−2
crit;l,j
∑l ∑j∈(x,y) wjΣ−2crit;l,j
γ2(x, y) =
∑l ∑j∈(x,y) e′2,jwjΣ
−2
crit;l,j
∑l ∑j∈(x,y) wjΣ−2crit;l,j
(3.5)
Where we consider the shear for a source l, computed for a cell (x,y) with back-
ground sources j in cell (x,y) (see section 3.4.3 for the cell selection). We then
compute the average shear for all lenses by stacking all cells and taking the
average value of the shear for every cell. Σcrit is computed by:
Σcrit(zl , zj) =
c2
4piG
D(zj)
D(zl)D(zl , zj)
(3.6)
Here D represents the angular diameter distance. The prime on the ellipticities
e1 and e2 above indicate that we use rotated ellipticity values (see below). Epps
& Hudson [2017] found that we have to apply a multiplicative correction K for
noise bias to the shear:
γcor1,2 (x, y) =
γ1,2(x, y)
1+ K (3.7)
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Where
1+ K =
∑l ∑j[1+ mj]wjΣ−2crit;l,j
∑l ∑j wjΣ
−2
crit;l,j
(3.8)
This is the same correction as applied by Viola et al. [2015], where this correc-
tion is used for Excess Surface Density profile computations:
Note that Schneider et al. [2006] pointed out that it is not the shear ~γ, but
the reduced shear g that is found from the galaxy ellipticities. However, as we
work in the weak lensing regime in this study, where g ≡ γ1−κ ≈ γ, we can still
work with ~γ.
3.4.2 Data columns used in computations
If one were to replicate this study, the actual data columns used in the computa-
tions might be of interest. We use the ’e1’ and ’e2’ rows given in the KiDS-450
fits files for our e1 and e2 ellipticities, ’Z B’ for the source redshift, ’RAJ2000’
and ’DECJ2000’ for the source right ascension and declination, the ’m’ row for
the mj noise bias and the ’weight’ row for the wj in the above formulas. We
obtain the lenses’ redshift from the ’Z’ row, and the right ascension and decli-
nation from ’RA’ and ’DEC’ in the GAMA dataset.
3.4.3 Cell selection
To be able to compute the shear for different cells, an area around the lenses
needs to be selected and divided into cells. To select an area, we need to specify
a coordinate system, for which we use the coordinate system used in Epps &
Hudson [2017].
xg =
1
s
[−(αc − αg) cos δc cos θ + (δg − δc) sin θ]
yg =
1
s
[
(αc − αg) cos δc cos θ + (δg − δc) cos θ
] (3.9)
Here α is the right ascension, δ is the declination, and the subscript g and c
indicate the galaxy and central point of the coordinate system respectively. θ
is the angle between the galaxies forming a pair, about the central point in the
tangent plane. s is the separation between the galaxy pair in the tangent plane.
We also need to convert the ellipticities to our new coordinate system:
e′1 = e1 cos 2θ + e2 sin 2θ
e′2 = −e1 sin 2θ + e2 cos 2θ
(3.10)
The separation s is such that the galaxies in a pair are placed on coordinates
(-0.5,0) and (0.5,0). s thus scales the distance between the galaxies to be exactly
1 in the new coordinate system. For more details on the transformation one
can consult section 3.1.1. of Epps & Hudson [2017].
We select an area on the sky of size 4x4 in the new coordinate system
around the lens and convert the coordinates and ellipticities of the correspond-
ing sources using the above transformation. Cells of equal length can then be
selected within the [-2, 2] interval, creating a grid of cells in the selected area.
We can then use the formulas found for the shear to compute γ1 and γ2 for
all cells, creating a shear-map.
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3.5 Convergence computation
In section 2.2.3 we saw that the convergence is proportional to the mass of the
gravitational lens. Convergence is therefore easier to interpret than shear, as we
can directly see where the mass is located. We thus want to convert the shear
map we find from our code to a convergence map. Section 2.3.2 showed us how
to find the convergence from the shear map. We can compute the convergence
as a convolution of the discrete convergence with a filter.
3.5.1 Discrete convergence
For the discrete convergence we found:
κdisc(~θ′) =
1
npi ∑j
Re
[
D(~θ′ −~θj)ej
]
, with D(~θ) ≡ − θ
2
1 − θ22 + 2iθ1θ2
|~θ|4
(3.11)
Where~θ′ is the position where the convergence is computed,~θ is the position of
the discrete shear vectors and n is the number density of background galaxies.
Note that we used the weak lensing regime, for which the expectation value of
~γ is given by the complex ellipticity.
We will replace the ellipticity by the shear and substitute the expression for
D(θ). The substitution of e means that we also have to change n, as the number
density of the background galaxies is already incorporated in the shear com-
putation. To ensure that the convergence map remains equal when a higher
resolution shear measurement is used, we do need to correct for the number of
shear points. Note that ~θ′ −~θ, which is substituted in our expression for D(~θ)
in equation 3.11, has dimensions of length in our new coordinate system. If
we take a look at equation 3.13, we find that we need a factor with this length
dimension squared in the numerator to make the convergence dimensionless.
If we combine this with the correction for the number of shear points, we find
that we need to correct for the number of shear points per length dimension
squared, i.e. per cell, where a cell is defined in section 3.4.3. This can be in-
terpreted as the number density of shear points n˜, which is analogous to the
number density of background galaxies in equation 3.11. We thus substitute n
by n˜.
κdisc(~θ′) =
1
n˜pi ∑j
Re
[
(θ′1 − θj,1)2 − (θ′2 − θj,2)2 + 2i(θ′1 − θj,1)(θ′2 − θj,2)[
(θ′1 + θj,1 + i(θ′2 + θj,2))(θ′1 + θj,1 − i(θ′2 + θj,2))
]2 (γj,1 + iγj,2)
]
(3.12)
This can be rewritten to:
κdisc(~θ′) =
1
n˜pi ∑j
−γj,1
(
(θ′1 − θj,1)2 − (θ′2 − θj,2)2
)− 2γj,2(θ′1 − θj,1)(θ′2 − θj,2)[
(θ′1 − θj,1)2 + (θ′2 − θj,2)2
]2
(3.13)
Note that the formula has a singularity at points θ′1 = θj,1 ∧ θ′2 = θj,2, we thus
want to exclude those points from our computations. The singularities will
influence the convergence computed close to the singularities. To eliminate
this effect, we will compute the convergence on a regular grid, where all points
are equally distant from the shear data points θj,i (figure 3.1). We use one point
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Figure 3.1: Position of the shear data points (open black circles) and the points calcu-
lated for the discrete convergence (solid blue circles). Note that the convergence points
are evenly spaced and are all equally distant from the shear points. For each length
dimension, we use one more point for the discrete convergence than used for the shear
points.
more in each length dimension for the convergence points with respect to the
shear data points.
3.5.2 Gaussian kernel
We will use a Gaussian filter in the convolution with the discrete convergence.
In our computations, we therefore use a two-dimensional Gaussian kernel. The
standard deviation of the kernel is chosen to be 0.1429 xy-units. Here the xy-
unit is the unit of the new coordinate system as defined in equation 3.9 and has
the value of the mean separation shown in table 3.1. The kernel used has 9× 9
elements. We use the Gaussian2DKernel from the astropy.convolution package
in Python 2.7 [Robitaille et al., 2013]. The kernel elements are computed using
the mode = ’oversample’ function, with factor = 10, which was found to be
necessary to ensure that the kernel is normalised accurately.
3.5.3 Convolution
In section 2.3.2, we found that the convergence with finite variance is found
after the convolution of the discrete convergence with a filter normalised to
unity.
κ(~θ) =
∫
d2θ′W(|~θ −~θ′|)κdisc(~θ′) (3.14)
We compute the convolution using the astropy.convolution package in Python.
We use the build-in boundary = ’extend’ function, which extends the discrete
convergence beyond the boundary using a constant extrapolation to compute
the values of the smoothed convergence near the edges of the convergence
map.
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3.6 Isolating the filament signal
As briefly mentioned in section 3.3, we will use the difference between the
convergence from the physical pairs and the unphysical pairs to extract the fil-
ament signal. Even though the physical pairs will have the convergence of the
filament in the signal, the larger convergence induced by the galaxies might
make this difficult to identify. As the unphysical pairs differ largely in line of
sight separation, they are not expected to be connected by a filament. As we ob-
serve a two dimensional projection, the gravitational lensing effect we observe
will be that of a pair of galaxies, but without the filament connection. The sub-
traction of the convergence of the unphysical pairs from the convergence of the
physical pairs will thus yield the signal from the filaments.
As we observe different pairs, the convergence maps from the two sets of
pairs will not be exactly the same. The subtraction will therefore induce noise
in our result. We will describe the methods to reduce and estimate the amount
of noise in our study below.
3.7 Signal improvement
Since the effects of weak gravitational lensing are so small, we need to pay
close attention to the parameters affecting the signal to noise ratio of the mea-
surements. The choices made to optimise our results are described below.
3.7.1 Cell size
The cell size is closely tied to the signal to noise ratio of the measurements.
The cell size determines how many background sources will be used for the
computation of the shear point corresponding to that cell. As the lensing effects
are not influenced by the background sources, the signal strength will not differ
when the number of background sources is altered. However, the assumption
that the galaxy ellipticities of all background galaxies in the cell will average to
zero will be more valid when we have more background sources. This means
that the noise induced by the intrinsic galaxy ellipticities will be reduced when
more background sources are included. A larger cell size will therefore reduce
noise, increasing the signal to noise ratio.
As we fix the total area in the shear computations, the cell size is directly
related to the resolution of the shear and convergence maps. We thus have to
find the optimum between resolution and signal to noise. In this study, we
chose to use a 14× 14 grid of shear points, which gives a 15× 15 convergence
grid.
Note that the convergence is a non-local property. The smoothing of the
convergence is therefore a determining factor in our resolution. When the
smoothing scale is larger than the cell size, no more detail can be obtained
by reducing the cells size. We have chosen the smoothing scale such that the
standard deviation of the kernel is half our cell size, i.e. 0.1429 xy-units.
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Figure 3.2: Location on sky for part of the KiDS dataset. The galaxies are not evenly
distributed. We find there are parts of the sky where there are no galaxies in the dataset
(e.g. upper left corner), as parts of the sources might have to be masked as the data was
affected by bright stars, creating for instance saturated pixels and reflection halos, or
other image defects.
3.7.2 Background galaxy threshold
As shown in figure 3.2, there are parts of the sky where the dataset contains sig-
nificantly fewer sources than average. This can occur when parts of the sources
need to be masked, as the data could have been affected by image defects. For
example, bright stars could have caused saturated pixels, reflection halos and
diffraction and readout spikes in the observations, degrading the quality of
the galaxy observations. When we want to use such an area for shear com-
putations, we might find a signal with poor signal to noise, as intrinsic galaxy
ellipticities will have a large contribution to the result here. We choose to ex-
clude lens pairs where there are less than 4000 background galaxies present.
Note that lens pairs typically have ∼ 105 background sources, therefore lenses
are rarely excluded.
3.7.3 Averaging technique
We can enhance the signal to noise ratio further by using the symmetries in our
shear-maps. If we consider a lens pair with galaxies of equal size, connected
by a straight filament centred on the line x = 0; the shear induced by the pair
will only be unique for one quadrant. Using reflections of one quadrant, we
can create the shear map for the entire lens. Figure 3.3 illustrates this point
schematically. Using the orange part of the figure alone, we can create the
entire lens by using only reflections of the orange shape. Therefore, the shear
induced by this hypothetical lens should have the same property.
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Figure 3.3: Symmetry in a ’perfect’ lens pair connected by a filament. We can see when
only using reflections of the orange part of the figure, we can recreate the entire figure.
Therefore the shear induced by the entire lens should have the same property.
In general, a lens pair connected by a filament is not expected to possess
this symmetry. The statistical nature of weak gravitational lensing will help us
out here as the large number of lenses used will average out to a shape that
does possess the symmetry described above.
3.8 Estimation of signal significance
We would like to quantify the quality of our results. We will use the bootstrap
method to estimate the variance of noise in our computations. The ellipticities
in the KiDS dataset are rotated by a random angle between 0◦ and 360◦, re-
moving the signal from the dataset. We then compute the shear using the same
lenses and background galaxies used to obtain our results. The convergence
map from these shear maps is then computed. The variance in the conver-
gence will give us a measure of the noise present in our computation, giving
us a measure of the significance of our results.
We will find standard deviations from the bootstrap results for our physical
and unphysical lens sets. As the ellipiticities are randomly rotated, the samples
are uncorrelated. We can therefore add the variance of the the physical and un-
physical convergence and take the square root of the sum to find the standard
deviation of the filament convergence.
To reduce the computation time needed, we do not include all shear points
included in the runs on real data. By the choice of our coordinate system the
filaments between galaxy pairs, which are of interest, will reside in the centre
of the shear- and convergence-maps. We thus only have to consider the points
in the centre in our bootstrap runs of the code. We therefore include the 4× 4
shear points in centre of the image in our computations.
The standard deviation found from our bootstrap computation are obtained
using 65 runs for the group central galaxy subset and 64 runs for the isolated
galaxy subset.
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Chapter4
Results
Below we will present the results found in our study. The results will be pre-
sented objectively; we will leave the discussion of the results to chapter 5. The
pairs from the group central galaxy subset are presented first, followed by the
pairs from the isolated galaxies. We show the shear of the signal, together with
the convergence map constructed from the shear map.
Numbers will be shown in the central 25 cells of the convergence map,
where the middle one is marked in bold. These numbers represent the ratio
between the value of the convergence of the cell and the value of the stan-
dard deviation of the convergence in the cell, where the standard deviation is
computed using the bootstrap method described in section 3.8. The number
x shown in the plots thus indicates that the signal has a xσ significance. Note
that since we smooth our data using a convolution with a Gaussian kernel, the
significance of the cells is not independent. If we pick one cell, the significance
will show the true significance of the result at this cell; however, the remainder
of the significance numbers will no longer describe the significance of the re-
sult at the cell they overlay independently of the picked cell. This means that
we can not average different significance values to describe the significance of
multiple cells combined. As we set out to find a connecting filament, we are
most interested in the result right in between the two pairs, i.e. the middle cell
in our plots. We will therefore only use the significance value shown in the
center of the image, which is emphasised by the bold font.
The colour map’s range is kept constant for both the physical and unphysi-
cal plots, yet is changed for the different isolated and galaxy group subsets, as
well as for the isolated filament plots. To illustrate the difference in shear mag-
nitude between the isolated and group central subsets, we keep the scale for
the shear constant for all plots. Furthermore, note that the centre of the galax-
ies are placed on coordinates (−0.5, 0) and (0.5, 0) in the plots, as explained in
section 3.4.3.
We will present our results in sets of three pictures, where a set consists of a
plot for the physical pairs, the unphysical pairs and the isolated filament plot.
For both galaxy subsets we present two sets, where the first show the results
obtained without and the second with the symmetric averaging technique ex-
plained in section 3.7.3.
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4.1 Group central galaxy subset
Group central galaxies without symmetric averaging. Looking at the shear
maps in figure 4.1 we can clearly see the tangential signal induced by the lens
pairs. The magnitude of both the shear and convergence decreases when we
go radially outward from the coordinates where the galaxies are stacked. We
find the highest convergence at these coordinates, which makes sense as the
convergence is proportional with mass and we expect the highest mass at the
positions of the galaxies.
Comparing the signal between the physical and unphysical pairs does not
reveal much information by eye other than a slightly lower convergence mag-
nitude for the unphysical pairs. As described in section 3.6, we can obtain the
isolated filament signal by looking at the difference between the physical and
unphysical convergence maps, shown in figure 4.2. As a result of our defined
coordinate system, stacking all galaxy with their center at (−0.5, 0) and (0.5, 0),
we expect the filament to lie on the x-axis of the plot, in between coordinates
(−0.5, 0) and (0.5, 0). This is not observed in figure 4.2. We find an excess con-
vergence along the x-axis, but it does not stand out as a structure in the plot.
In fact, the highest excess convergence is not found along the x-axis, but on the
right edge of the plot.
The applied smoothing scale is stated in the caption of the figures. Note that
we use the same smoothing scale—0.1429 xy-units—for all our plots. However,
due to the slight variation in mean separation between the galaxies (see table
3.1), this corresponds to slightly different values in Mpc, as we defined 1 xy-
unit to have a length of Rsep. This is also seen in the isolated filaments plots,
where we again use 0.1429 xy-units, but take the mean separation to be the
mean value of 〈Rsep, physical〉 and 〈Rsep, unphysical〉.
Group central galaxies, including symmetric averaging. In the plots with-
out symmetric averaging, the shear and convergence maps clearly showed the
image of the galaxy pairs, but no structure stood out in between. The symmet-
ric averaging technique decreases noise levels, which might make it possible
to recover the filament signal.
Figure 4.3 shows a more pronounced tangential signal with respect to figure
4.1 and the significance of the convergence is increased. Note that the central
convergence point had equal significance with respect to the central conver-
gence point from the non symmetric averaged plots. This is inherent to the
symmetric averaging method, as the central point is shared in all 4 quadrants
of the plot.
The symmetric averaging technique has a large effect on excess conver-
gence map as well, as shown in figure 4.4. Where no particle structure stood
out in figure 4.2, we now find a clear structure along the x-axis between the
galaxy positions, which is where we would expect our filament to be present.
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(a) (b)
Figure 4.1: Stack of 8279 pairs from the group central subset. We see the shear and convergence map from the physical pairs in (a) and
the unphysical pairs in (b). A Gaussian smoothing filter with a standard deviation of 0.1429 xy-units has been applied, corresponding to
1.142h−1 Mpc and 1.161h−1 Mpc for the physical and unphysical pairs respectively. We find a clear tangential signal reducing in magnitude
radially outward from the positions of the galaxies, for both the shear and convergence. As with all plots below, the numbers indicate
the factor of σ significance of the convergence cells. Note that the individual galaxies are clearly visible in the convergence map around
coordinates (−0.5, 0) and (0.5, 0). We keep the range of the color map constant for (a) and (b).
Figure 4.2: Resulting convergence map after the subtraction of the unphysical convergence from the physical convergence map, isolating
the filament structure. A Gaussian filter with a standard deviation of 0.1429 xy-units (1.152h−1Mpc) is used. At the center of the image,
where we expect the filament signal to be, some excess convergence is found; yet this does not surpass the excess convergence in other
regions of the plot. Note that the highest excess convergence is not found in between the galaxy pairs, but on the right boundary of the
plot. The range of the color map is smaller than presented in figure 4.1.
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(a) (b)
Figure 4.3: Stack of 8279 galaxy pairs from the group central subset with symmetric averaging used. We applied a Gaussian smoothing
with a width of 0.1429 xy-units, i.e. 1.142h−1Mpc and 1.161h−1Mpc for the physical and unphysical pairs respectively. We see the shear
and convergence map from the physical pairs in (a) and the unphysical pairs in (b). The symmetric averaging strengthens the tangential
nature of the shear signal. The significance of the convergence is increased, as the symmetric averaging decreases noise levels. Note that
the central convergence cell has equal significance with respect to its non-averaged counterpart, as the symmetric averaging has no effect
on the central point. To show the effect of the averaging technique, we use the same color map range for figures 4.1 and 4.3.
Figure 4.4: Resulting convergence after the subtraction of the unphysical convergence from the physical convergence map. A Gaussian
filter of width 0.1429 xy-units (1.152h−1Mpc) has been applied. The symmetric averaging was applied before the subtraction, i.e. figures
4.3.a and 4.3.b were used to obtain the excess convergence shown. A clear excess convergence is found along the middle 3 convergence
cells in on the x-axis, in between the positions of the galaxies. Due to the reduction of noise levels by the symmetric averaging, the highest
convergence is no longer found along the edge of the frame, as observed in figure 4.2.
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4.2 Isolated galaxy subset
Isolated galaxy pairs without symmetric averaging used. We find a large
similarity between the result of the group central galaxy pairs subset and the
isolated galaxy pairs subset. As for the group central galaxies, figure 4.5 shows
that the mass is centred at around (−0.5, 0) and (0.5, 0), as was to be expected
by our stacking method. We do however find that the shear magnitude is sig-
nificantly smaller for the isolated galaxies. The central group galaxy pair subset
will show pairs of galaxy groups, which will generally be heavier than the sin-
gle galaxies shown in figure 4.5. As the groups are more massive, they will
yield a stronger deformation of background galaxies; we therefore expect a
lower shear magnitude for the isolated galaxies. Note that despite the lower
convergence magnitude, we generally have a higher significance for our data.
In figure 4.5.b. we find that higher convergence values for the left galaxies
of the pairs. Looking at the values convergence values, we find a difference
of ∼ 30% between the left and right members of the pairs. This is due to a
mass difference between the left and right galaxies, which will be explained in
chapter 5.
When we consider the isolated filament plot in figure 4.6, we again find
similarity with the group central galaxy subset. Even though the highest excess
convergence is not located along the edge of the plot, no clear structure is found
in the plot. This point with highest excess convergence stands out as it has
relatively high significance, yet is not found at an expected position.
Isolated galaxy pairs with symmetric averaging used. The effectiveness in
noise reduction of the symmetric averaging method is again clearly demon-
strated. Figure 4.7 shows a clear tangential signals for both the physical and
unphysical lens sets and the signal significance has increased with respect to
figure 4.5. We find most of the mass located around the points where the galax-
ies are stacked.
The isolated filament plot in figure 4.8 shows a clear excess convergence
along the x-axis between the galaxy positions. The convergence magnitude
found is about a factor 2 lower than found in figure 4.4, while the significance
is comparable.
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(a) (b)
Figure 4.5: Stack of 25000 isolated galaxy pairs. We used a Gaussian smoothing filter with a standard deviation of 0.1429 xy-units,
which corresponds to 1.154h−1 Mpc and 1.158h−1 Mpc for the physical and unphysical pairs respectively. (a) and (b) show the shear and
convergence map for the physical and unphysical pairs respectively. The constant shear magnitude scale instantly reveals a lower shear
magnitude with respect to the group central galaxies (figure 4.1). We therefore also observe a lower convergence magnitude. Note that
despite the lower convergence, the significance of our signal is generally higher.
Figure 4.6: Resulting convergence map after the subtraction of the convergence signal of the unphysical pairs from the convergence map
of the physical pairs. We used a smoothing scale of 0.1429 xy-units, corresponding to 1.156h−1 Mpc. As with the group central galaxies
(figure 4.2), we do not find a clear structure in the plot of the convergence difference. The highest excess convergence is found below the
right side of the galaxy pairs, not at the position we expect the filament to be present, i.e. the part of the x-axis in between the galaxies.
Some excess convergence is found along this axis, but it does not stand out as a structure in the plot.
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(a) (b)
Figure 4.7: Stack of 25000 isolated galaxy pairs, with the symmetric averaging technique applied. The physical pairs are shown in
(a) and the unphysical pairs are shown in (b). We used the same Gaussian smoothing as for non-symmetric plots, i.e. 0.1429 xy-units,
corresponding to 1.154h−1 Mpc and 1.158h−1 Mpc for the physical and unphysical pairs respectively. The unphysical pairs clearly show
less convergence between the galaxy centres than the physical pairs. The same color map range is used as in figure 4.5. Though the shear
and convergence magnitude are smaller than observed in figure 4.3, high signal significance is observed.
Figure 4.8: Resulting convergence map after the subtraction of the symmetric convergence map of the unphysical pairs from the sym-
metric convergence map of the physical pairs. We applied the same smoothing as in figure 4.6, i.e. 0.1429 xy-units, corresponding to
1.156h−1 Mpc. We find striking similarity with figure 4.4, i.e. we find excess convergence along the x-axis between the galaxy positions.
Note that the convergence magnitude is about a factor 2 smaller than observed in figure 4.3, yet the significance is comparable.
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Chapter5
Discussion
As we have set out to find filaments between galaxy pairs based on the filament
isolation method used by Epps & Hudson [2017] discussed in section 3.6, we
learn most from figures 4.2, 4.4, 4.6 and 4.8; which show the isolated filaments.
The signal in the plots showing the data including the galaxy pairs is largely
dominated by the weak lensing effects of the galaxy pairs itself. Nevertheless,
we still find features in there worth discussing.
For both the physical and unphysical subsets, we find high significance val-
ues in the galaxy pairs plots. We do however find the significance of unphysi-
cal dataset to be lower, indicating a difference in signal strength or noise levels.
Inspection of the convergence values and standard deviation reveal that the
physical pairs both have higher convergence signals and lower standard devi-
ation, resulting in a higher signal to noise ratio for the physical pairs. A higher
convergence for the physical pairs is expected if we want to find a filament
signal. The standard deviations are not overly different; the difference in sig-
nificance is therefore not alarming.
The values of the signal significance are comparable for isolated and group
central pair sets, yet the observed shear and convergence magnitude is higher
for the group central pair results. This therefore implies lower noise levels for
the isolated galaxy pairs results. The lower noise levels can be explained by the
larger sample size of 25 000 galaxy pairs with respect to the 8 279 galaxy pairs
of the group central lens set. As the shear map is obtained by averaging the
ellipticities, we expect the noise levels to decrease for larger lens samples.
On page 37 we mentioned the ∼ 30% difference between the left and right
galaxies seen in figure 4.5. On close examination of the code, we find that right
galaxy is always chosen as the galaxy closest to the observer. Nevertheless,
the individual distance from the lens galaxy to the source galaxy is taken into
account in the shear computation and should therefore not bias our results. The
observations of the galaxies are magnitude limited; galaxies at higher redshift
might therefore only be observed when they are brighter, generally meaning
that there are more massive. In contrast to the galaxies’ redshift, a larger mass
will influence our measurement. We therefore computed the mean mass of the
left and right galaxies in our pairs to find out if this effect is present in our
measurement. The results, presented in table 5.1 supports the hypothesis. The
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Galaxy pairs subset
Mean mass left galaxy〈
10 log MM
〉 Mean mass right galaxy〈
10 log MM
〉
group central physical 11.14 11.14unphysical 11.17 11.07
isolated physical 10.58 10.57unphysical 10.67 10.50
Table 5.1: Masses of the left and right galaxies in the galaxy pairs for the different lens
subset. Note that we that the left galaxies of the unphysical isolated pairs are signifi-
cantly heavier than the right galaxies.
mean mass of the left galaxies is about 47% larger than the right galaxies for
the unphysical isolated subset, which will give us the difference in convergence
magnitude. Note that the mass difference for the other subsets is much smaller,
which explains why we only find a difference in convergence between the pair
members for the unphysical isolated subset.
Isolated filament plots With the symmetric averaging method applied, both
the subsets of isolated galaxy pairs and group central galaxy pairs showed a
clear excess convergence along the x-axis between the positions of the galaxies,
which is where we would expect a filament to reside. Without the symmetric
averaging technique however, no structure stood out along the x-axis. The
symmetric averaging technique improves our result using the symmetry we
expect to be present in our results, by decreasing the contribution of the shear
vectors that do not posses this symmetry. As the noise levels are not expected
to posses any preferred symmetry, the noise is lowered, increasing the signal
to noise ratio of our data.
Since we only detect filaments when the averaging method is applied, we
must consider the validity of our assumption to be able to claim the detection
of filaments without them present in the ’non-averaged’ signal. As illustrated
in figure 3.3, we assume a spherical shape for the galaxies in the galaxy pairs,
connected by a straight filament. Though it is clear that this assumption is not
valid for individual pairs, we expect the assumption to be valid for the stack
of galaxies used. Here we apply the same reasoning as used to explain how
weak lensing works (section 2.3.3), i.e. assuming that the intrinsic ellipticity of
the galaxies average to zero, leaving us with a spherical lens in our ensemble
average. We thus have reason to believe that the assumed symmetry is present.
The significance values in the center cells are 2.3 σ and 2.9 σ for the group
central and isolated subset respectively. This gives a probability of the signal
being a result of chance alone, drawn from a Gaussian distribution, of 1.11 %
and 0.187 % respectively. We are thus confident that the excess convergence
found between the galaxies are real features in our data; combined with the va-
lidity of the symmetry assumption, we conclude that we have detected a con-
necting filament for both lens sets. Too high levels of noise will most likely be
responsible for the lack of filaments without the symmetric averaging method
applied.
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Conclusion
Weak lensing techniques have been shown to be able to map dark matter dis-
tributions in the universe [Kaiser & Squires, 1993]. Large weak lensing dataset
enable us to detect small lensing effects, such as the effects induced by dark
matter filaments between galaxies predicted by numerical simulation on struc-
ture formation. We followed the foundation for filaments studies set up by
Epps & Hudson [2017] to search for gravitational effect of filaments in the
’KiDS-450’ weak lensing dataset [Hildebrandt et al., 2017]. We used the GAMA
II data release from the Galaxy And Mass Assembly survey [Driver et al., 2011,
Liske et al., 2015] together with version 7 of the GAMA galaxy group cata-
logue [Robotham et al., 2011] for our lensing galaxies. We selected two subsets
of lens galaxies to find our galaxy pairs, i.e. central galaxies in groups of at
least 4 galaxies and galaxies isolated from galaxy groups, from which we select
8 279 and 25 000 pairs respectively.
After the isolation of filaments (section 3.6), we detect excess convergence
between the galaxy pairs for both the group central and isolated galaxy sub-
sets, with a significance of 2.3 σ and 2.9 σ respectively. Inspection of the isolated
filament plots by eye reveals a clear structure along the x-axis in between the
galaxies—where we would expect a connecting filament—for both lens sets us-
ing the symmetric averaging method. Without the symmetric averaging, such
a structure did not stood out. The significance of our results makes us confi-
dent that the excess convergence found between the galaxy are real features
in our data; we conclude that we detected filaments connecting galaxy pairs
for both lens sets. Without the averaging method no filament structures are
found. Nonetheless, we have good reason to believe in the validity of the aver-
aging method; the filament signal will therefore be present, yet hidden by high
levels of noise without the averaging method applied. The detection of fila-
ments without the symmetric averaging method remains a subject for future
investigation.
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Chapter7
Outlook
In a continuation of this project, there will be points of improvement as well as
interesting extensions of the project. One of the most valuable improvements
would be a reduction in the required computation time of the code. A larger
lens sample could then be used and the number of bootstrap runs could be in-
creased. Note that for the isolated galaxy pair subset, we only used 1% of the
lens sample; increasing the lens sample could therefore greatly improve our
signal significance. In addition, the selection procedure for the lenses could be
improved, which will reduce the noise induced in our computations. The code
operates on speed of∼ 1000 pairs per day, which is slow relative to the amount
of pairs we could consider. However, as all pairs are considered independent
from other pairs, the computations are very suitable for parallelisation. A thor-
ough implementation of parallelisation can therefore give a large decrease in
net computation time and would be the first step towards achieving the goal
of reducing computation time.
In section 3.7.1 we found that the resolution of our shear- and convergence-
maps are related to the signal to noise ratio of our measurements. If we could
increase our signal to noise ratio, we would also be able to increase our resolu-
tion in our computations, providing us with more detail on the filaments.
We have shown our results using the convergence map, which is propor-
tional to mass. It would however be valuable to determine the mass of the
filaments from the convergence. In principle, this would be possible when we
determine the critical surface density Σcrit of our sample. Unfortunately, this
would require a major alteration of the code computing the shear map. Due to
limited time it was therefore chosen to exclude this computation.
Based on the Millennium-II N-body simulations [Boylan-Kolchin et al., 2009],
Mo et al. [2010] mentioned that massive halos with masses similar to the mass
necessary for the collapse of a 1 σ density perturbation are preferentially found
at the intersection of large scale filaments, while smaller halos are often found
embedded in filaments. With a careful lens selection, we would be able to dis-
tinguish between these massive and smaller halos.
Weak lensing will only provide us with the total mass of the stacked fila-
ments, we would therefore not be able to distinguish between galaxies and fil-
aments. However, imagine we plot the filament between two massive halos—
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with smaller halos embedded in the filament—and the filament between the
embedded halos. We would then expect to find the same width for the fila-
ments in both plots, while the size of the galaxies would differ. As the smaller
halos are embedded inside the large filaments, we expect the filament to be
the same size or even larger than the halo size. With improved resolution, de-
termination of filament width would be possible. By selecting two lens sets
of smaller and massive halos, we would thus be able to test the prediction of
halos being embedded in filaments by looking at the filament width.
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